The magnetic correlations in the charge-and orbital-ordered manganite La 0.5 Sr 1.5 MnO 4 have been studied by elastic and inelastic neutron scattering techniques. Out of the well-dened CE-type magnetic structure with the corresponding magnons a competition between CE-type and ferromagnetic uctuations develops. Whereas ferromagnetic correlations are fully suppressed by the static CE-type order at low temperature, elastic and inelastic CE-type correlations disappear with the melting of the charge-orbital order at high temperature. In its charge-orbital disordered phase, La 0.5 Sr 1.5 MnO 4 exhibits a dispersion of ferromagnetic correlations which remarkably resembles the magnon dispersion in ferromagnetically ordered metallic perovskite manganites.
INTRODUCTION
Charge ordering is one of the key elements to understand colossal magnetoresistivity (CMR) in the manganite oxides. The large drop of the electric resistivity at the metal-insulator transition can only partially be explained by the Zener double-exchange mechanism. 1 The larger part of it seems to arise from the competition between ferromagnetic (FM) metallic and charge-ordered insulating states, and recent experimental and theoretical investigations focus on electronically soft phases and phase separation scenarios. 2, 3, 4, 5, 6 The metal-insulator transition can be considered as the stabilization of the FM metallic phase over charge-ordered insulating states by an external parameter as e. g. temperature or magnetic eld. 7, 8 At half doping, the insulating, charge-orbital ordered (COO) phase appears most stable, and an ordered state appears as a generic feature in the phase diagrams of cubic manganites R 1−x A x MnO 3 (R=La or a rare earth, A=Sr, Ba, Ca,...), 7 as well as in those of single and double-layered systems, as La 0.5 Sr 1.5 MnO 4 and LaSr 2 Mn 2 O 7 . is strong evidence that the bond-centered model cannot be applied. 20 One should, however, consider the possibility that dierent manganites exhibit dierent types of charge-orbital order. Furthermore, it is important to emphasize that the site-centered model of charge and orbital ordering is only schematic. Dierent crystallographic studies 10, 18, 22, 23, 24, 25 nd structural distortions in the charge-ordered phase which are far smaller than what is expected for a full integer ordering into Mn 3+ and
Mn
4+ valencies. Nevertheless we will use throughout this paper this Mn 3+ /Mn 4+ nomenclature for clarity.
The origin of the charge-ordered state is also under debate, and dierent theoretical studies focus on very dierent aspects. It has been shown, that the COO state can be stabilized primarily by cooperative Jahn-Teller distortions. In this scenario the magnetic ordering of the CE type appears as a secondary eect. 26, 27, 28 On the other hand, it has been argued, that based on anisotropic magnetic exchange interactions the COO can be stabilized by purely electronic eects. 29, 30 In this sense the COO state is of magnetic origin, which naturally explains its melting in magnetic elds. 29, 31, 32 The single-layered material La 0.5 Sr 1.5 MnO 4 is particularly well suited for the experimental investigation of the properties of the COO state. Charge and orbital ordering occurs in this compound below T CO =220 K and has been investigated by various techniques. 9, 33, 34, 35, 36 Magnetic ordering of the CE type occurs below T N =110 K. 9 Compared to the perovskite manganites, the COO state is exceptionally stable in La 0.5 Sr 1.5 MnO 4 and only very high elds of the order of 30 T can melt the ordered state implying negative magnetoresistance eects. 37 Good metallic properties are, however, never achieved in the single layered manganites La 1−x Sr 1+x MnO 4 , neither by magnetic eld nor by doping. 38, 39 In a recent work we have studied the magnetic excitation spectrum of the CE-type ordering in La 0.5 Sr 1.5 MnO 4 at low temperatures. 20 The analysis of the spin-wave dispersion is fully consistent with the classical charge and orbital-order model 12 and underlines the dominant character of the FM intrachain interaction:
The magnetic structure has to be regarded as a weak AFM coupling of stable FM zigzag elements. In this article we address the thermal evolution of the CE magnetic ground state and report on the development of the static and dynamic magnetic correlations as studied in neutron scattering experiments and in macroscopic measurements: The magnons of the static CE order transform into anisotropic short-range magnetic correlations remaining clearly observable for T N < T < T CO . Here magnetic correlations can be described by a loose AFM coupling of FM zigzag-chain fragments. These CE-type uctuations compete with isotropic ferromagnetic correlations between T N and T CO , and they fully disappear upon melting the COO state above T CO . Instead, in the charge-and orbital-disordered phase above T CO we nd purely FM correlations, which remarkably resemble those observed in the metallic FM phases in cubic manganites.
II. EXPERIMENTAL
La 0.5 Sr 1.5 MnO 4 crystallizes in a tetragonal structure of space-group symmetry I4/mmm with room-temperature lattice constants a = 3.86Å and c = 12.42Å. 40 For most of the neutron scattering experiments we used the same crystal as for the analysis of the spin-wave dispersion. 20 The thermodynamic measurement and some parts of the neutron scattering experiments were done with a different sample. All crystals were grown using the same oating-zone technique as described in Ref. 41 . Elastic neutron scattering experiments were performed at the thermal double-axis diractometer 3T.1 and at the triple-axis spectrometer G4.3, both installed at the Laboratoire Léon Brillouin (LLB) in Saclay. Selected scans measured at the high-ux instrument 3T.1 were repeated with the same neutron energy E=14.7 meV at the G4.3 spectrometer with an energy resolution ∆E 0.6 meV to estimate the inuence of slow magnetic uctuations.
The double-axis spectrometer integrates over a sizeable energy interval, but all data taken on both instruments agree quantitatively very well, suggesting that the diffuse magnetic scattering is associated with time scales longer than ∼10 Specic-heat measurements were carried out using a home-build calorimeter working with a continuous heating method. Magnetization was measured in a commercial vibrating sample magnetometer and electric resistivity by standard four-contact method.
III. RESULTS
Before starting the discussion of our results we illustrate the dierent structural and magnetic superstruc-tures of the COO state with the aid of Fig. 1 • with the long axis along [1 -1 0] and propagation vectors k Mn 3+ = ±( • . Both twin orientations contribute equally strong in our samples, but for the analysis we will always refer to the orientation I depicted in Fig. 1 . We emphasize that the twinning due to the COO orthorhombic distortion is the only one occuring in La 0.5 Sr 1.5 MnO 4 , whereas the octahedron tilt and rotation distortions in the perovskite manganates imply a complex twinning with up to twelve superposed domain orientations.
In a scattering experiment the superposition of both twin orientations mixes structural and magnetic contributions at a quarter-indexed position. The magnetic contribution of orientation I is superimposed by the orbital contribution of orientation II and vice versa. Both contributions can, however, be well separated using polarized neutrons. In the classical polarization analysis spin-ip scattering (SF) is always magnetic, whereas non spin-ip scattering (NSF) can be either magnetic or structural:
Magnetic moments aligned perpendicular to both, the scattering vector Q and the neutron's polarization P , contribute to the SF channel, those aligned parallel to P to the NSF channel. 42 For each Q position the observed neutron intensity is shown for the dierent choices of the neutron quantization axis Pj, P ||Q (x), P ⊥Q and within (y), and P ⊥Q and perpendicular to the scattering plane (z), and the spin ipper on (SF) or o (NSF). The last column gives the calculated decomposition of the observed intensity into magnetic and structural components.
structure reections at T = 5 K determined at the FLEX spectrometer for three dierent choices of the neutron quantization axis, P ||Q (x), P ⊥Q and within the ab plane (y), and P ⊥Q and perpendicular to the ab plane (z). In addition to the quarter-indexed reections, Table  I to the ab planes; a canting of the moments out of the planes must be less than ∼5
• , in good agreement with other estimations. 9 Knowing the experimentally determined FR's, the scattering observed at a quarter-indexed position can be decomposed into magnetic and structural contributions, see the last column of . (b) Representative raw-data scans underlying the contour plot. For clarity, the data are successively shifted vertically by 300 counts. The inset gives the prole of the magnetic Bragg reection at low temperatures, T=2.5 K. Lines correspond to ts as described in the text. In all data a minor contamination by second harmonic neutrons centered at Q = (1 0 0) is subtracted. The dierent scattering of the two CE-type reections arises from the Mn form-factor and geometry conditions. B.
Thermodynamic properties
The unusual evolution of the magnetic state with static short-range correlations appearing 100 K above T N also aects the thermodynamic quantities. In Fig. 7 we show the temperature dependence of the electric resistivity ρ ab (T ) along the planes, the specic heat c p (T ), and the macroscopic dc magnetization M ⊥ (T ) and M || (T ) for a eld H = 1 T applied perpendicular and parallel to the MnO 2 layers, respectively. All three quantities show a well-dened anomaly at T CO , but none around T N . The electric resistivity ρ ab exhibits insulating behavior with a signicant jump-like increase at T CO reecting the realspace ordering of the charge carriers. 38 Note, that we nd no hysteresis in the temperature dependence of the resistivity at T CO . The specic heat displays a pronounced anomaly at the same temperature documenting the well-dened character of the COO transition in our La 0.5 Sr 1.5 MnO 4 crystal. Below T CO , however, the specic heat seems to be determined by phononic contributions, and it is dicult to detect a clear signature for an additional release of entropy around the magnetic ordering, which, however, is consistent with the formation of short-range magnetic correlations well above T N . The macroscopic magnetization M (T ), In our previous work 20 we established the low-energy part of the magnetic excitations in the CE-type ordered state which can be well described by spin-wave theory. At low temperatures, the magnon dispersion is anisotropic with a steep dispersion along the zigzag chains, reecting the dominant FM interaction along this direction. 20 The pronounced magnon anisotropy can be taken as a strong indication against the bond-centered dimer model, whereas it is naturally described within the CE-type orbital and magnetic model.
In the CE-ordered phase at T = 5 K the spin-wave spectrum is gaped at the antiferromagnetic zone center, q = 0, see Fig. 8a , and two distinct magnon contributions can be resolved. The degeneracy of the two AFM magnon branches seems to be removed due to anisotropy terms. starting point we modeled the data taken in the second setup. As a rst result, all data with dierent q l values can simultaneously be described using the same magnon frequencies. There is no measurable spin-wave dispersion vertical to the MnO 2 layers. As a second t parameter we modeled the intensity distribution at the various q l positions. With increasing |Q|, the signal ω 1 follows the square of the magnetic formfactor, while the signal ω 2 is additionally suppressed. Assuming the mode ω 2 to be entirely polarized along c, we nd a good agreement with the data, and the splitting of the magnon frequencies can be fully ascribed to dierent magnetic anisotropies: Fluctuations within the MnO 2 layers are more favorable than those along the c axis as it is expected. The sizeable gap associated with the in-plane anisotropy, ω 1 =0.97meV is remarkable as it documents that magnetic moments are also pinned through the orbital anisotropy of the zigzag chains.
To determine the temperature dependence of the mag- see Fig. 9a . However, as the dispersion in this direction is steep, both signals strongly overlap in agreement with our previous study. 20 With increasing temperature, the magnon signal is suppressed following roughly the magnetic order parameter and shifts outward due to the overall softening of the magnetic dispersion. In consequence, the magnon contributions are fully resolved at T = 100 K, which is corroborated by further scans at 4 meV exhibiting a similar behavior (data not shown). Upon heating across T N the inelastic response broadens, but we do not observe a signicant change in the magnon frequencies.
At 200 K the spectrum can be described by two contributions centered at the same positions as at 100 K, indicative of the stable FM interaction within the zigzag chain fragments. In the perpendicular direction, Fig. 9b , the two magnon contributions are separated already at 10 K, as in this direction the spin-wave velocity is signicantly reduced. 20 Upon heating, the signal shifts outward, too, but this shift is more pronounced than that parallel to the chains. Furthermore, for T > T N the inelastic intensity is fully smeared out, and at T = 200 K we do not nd any correlations which can be associated with the inter-zigzag coupling, whereas, in the direction along the chains the inelastic intensity is still well centered around Q CE . The inelastic CE-type magnetic correlations are thus turning one-dimensional in character between T N and T CO : Only the magnetic coupling within a zigzag fragment remains nite close to T CO . Above the chargeorbital ordering the magnetic uctuations reminiscent of the CE-type magnetic order are completely suppressed.
Around the FM Q point we nd a fundamentally dierent behavior of the magnetic uctuations. Q FM = (1 0 0) is also a Bragg position of the CE-type magnetic structure, and therefore inelastic neutron scattering may detect the CE-type spin-wave modes also around (1 0 0) but with a strongly reduced structure factor, see Fig. 3 in Ref. 20 . However, the scattering around (1 0 0) does not evolve like the CE-order parameter and the associ- On a square lattice, the spin-wave dispersion for a Heisenberg ferromagnet with isotropic exchange J iso between nearest neighbors is given by:
The observed q dependence of the magnetic correlations is reasonably well described by this simple Hamil-tonian with only a single nearest-neighbor interaction, underlining the isotropic character of the FM correlations above T CO . The slight overestimation of the frequencies at the low-|q| limit may arise from the nite size of the FM clusters. We do not nd evidence for an excitation gap, and the best t to the data yields an exchange energy 2J iso S = 7.5 (5) T N , which are interpreted in terms of an electronically smecticlike phase. 55 An unusual thermal evolution of the magnetic order across T N seems to be a characteristic feature of the CE-type ordering.
The picture of preformed FM zigzag fragments is furthermore supported by the thermal evolution of the inelastic magnetic uctuations, which above T N exhibit similar anisotropies as the static diuse scattering. Furthermore, the softening of the magnon frequencies parallel to the chains is less pronounced than that perpendicular to the chains, once more demonstrating the predominance of the FM coupling along the chains within the COO state. 20 In between the magnetic transition at T N and chargeorbital ordering at T CO we nd a coexistence of the CEtype and FM elastic correlations documenting, how ferromagnetism and the CE-type order compete at these intermediate temperatures. With increasing temperature and approaching T CO the FM correlations get more and more weight, as it is indicated in the sketches in Fig. 11b and the same electron apparently also provides the dominant oriented FM interaction when it localizes in the orbitalordered phase.
The COO transition at T CO is clearly associated with the crossover between FM and AFM CE-type correlations. However it is dicult to decide whether these different magnetic uctuations are just the consequence or the cause of the charge-and orbital-order transition. The fact that CE-type correlations are found immediately below T CO may be taken as evidence for a magnetic mechanism of the COO transition. However, close to T CO the CE-type uctuations are very weak (much weaker than at low temperature) and sizeable, even stronger FM correlations remain closely below T CO . This suggests that the transition into the charge-and orbital-ordered state is further driven by some non-magnetic mechanism, as e. g. by Jahn-Teller distortions.
